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http:WHAT THIS PAPER ADDS
This study was performed to determine the feasibility of measuring in vivo the mechanical properties of the
arterial wall. A pulsatile aortic model was scanned by computed tomography angiography (CTA) aortic protocols.
From the geometry data imbedded in the CTA data, the value of the elastic modulus of this model was veriﬁed.
Given that we can measure changes in arterial dimensions by CTA in patients with aortic dissections and aortic
aneurysms, we can derive the mechanical properties of the aortic wall in vivo and hope to assess the risk of
rupture of an aortic aneurysm.Objective: This study was performed to determine the feasibility of measuring the elastic properties of the
arterial wall in vivo. To prove this concept, elastic parameters were calculated from an aortic model of elastic
behavior similar to a human aorta using computed tomography angiography (CTA) images.
Methods: We ﬁrst constructed an aortic model from polydimethylsiloxane (PDMS). This model was inserted into
a pulsatile ﬂow loop. The model was then placed inside a computed tomography scanner. To estimate the
elasticity values, we measured the cross-sectional area and the pressure changes in the model during each phase
of the simulated cardiac cycle. A discrete wavelet transform (DWT) algorithm was applied to the CTA data to
calculate the geometric changes in the pulsatile model over a simulated cardiac cycle for various pulsatile rates
and elasticity values of the PDMS material. The elastic modulus of the aortic model wall was derived from these
geometric changes. The elastic moduli derived from the CTA data were compared with those obtained by testing
strips of the same PDMS material in a tensile testing machine. Our two aortic models had elastic values at both
extremes of those found in normal human aortas.
Results: The results show a good comparison between the elastic values derived from the CTA data and those
obtained in a tensile testing machine. In addition, the elasticity values were found to be independent of the
pulsatile rate for mixing ratios of 6:1 and 9:1 (p ¼ .12 and p ¼ .22, respectively).
Conclusions: The elastic modulus of a pulsatile aortic model may be measured by electrocardiographically-gated
multi-detector CTA protocol. This preliminary study suggests the possibility of determining non-invasively the
elastic properties of a living, functioning aorta using CTA data.
 2013 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Knowledge of the biomechanical properties of the arterial
wall is crucial for understanding the changes brought about
by aging, atherosclerosis, and hypertension to the cardio-
vascular system.1e3 Changes in elasticity of the arterial wall
mark the beginning and determine the outcome of vascularrresponding author. M.S. Schlicht, Vascular Mechanics Laboratory,
ity of Michigan, 2800 Plymouth Road, B20/201W-6D, Ann Arbor, MI
2800, USA.
il address: mschlich@umich.edu (M.S. Schlicht).
-5884/$ e see front matter  2013 European Society for Vascular
. Published by Elsevier Ltd. All rights reserved.
//dx.doi.org/10.1016/j.ejvs.2013.07.011diseases, such as aortic dissections and aneurysms.4
Knowledge of the elasticity of a recipient artery may also
be important in the design or choice of endovascular stent-
grafts.4e6
Previous studies of the mechanical properties of the
aorta (e.g., elasticity and Poisson’s ratio) have led to
several constitutive models.2e5,7 These properties, how-
ever, have been estimated in vitro from autopsy or surgical
specimens, and may be different from those in living
aortas. An additional measuring error is caused by the fact
that a segment of aorta once removed from its location to
be studied is no longer supported and anchored by its
surrounding tissue, and will display different elastic
behavior than it has in situ. A report from Zanchi et al.8
448 M.S. Schlicht et al.compared the mechanical properties of the rat carotid
artery in vivo, in situ, and in vitro, and found them to be
signiﬁcantly different.
We propose here a new non-invasive method for
measuring the elastic modulus of a living aorta based on
dynamic computed tomography angiography (CTA) data
using high resolution computed tomography (CT) scanning
(64-slice multidetector CT scanner with electrocardiogram
[ECG]-gating). The aim of this study was to prove that the
elastic moduli parameters derived from an aortic model of
polydimethylsiloxane (PDMS) material using a CTA protocol
correlate with the actual elastic measurements of that
material obtained from a tensile testing machine. Knowl-
edge of the wall elasticity value would enhance clinicians’
ability to predict the likely outcome of aortic aneurysms.
This knowledge may also be a useful predictor of the sta-
bility of an endograft landed at a particular aortic site.
METHODS
Experimental setup
A bench-top ﬂow loop (Fig. 1A) was constructed to simulate
the physical properties of a human vascular system. This
experimental model allowed us to study the changes in
ﬂow, pressure, and wall geometry of a ﬂexible-wall aorticFigure 1. (A) Aortic model setup; (B) computed tomography
angiography image of the aortic model.model. The setup consisted of a pulsatile pump and a 1:1
scale descending thoracic aorta model inserted within the
ﬂow loop. The ﬂow loop has capacitance and resistance
devices that can be adjusted to regulate ﬂow volume and
waveform shape. Fluid temperature was maintained at
38 C by a Micro-Temp II Hyperthermia Water System
(Cincinnati Sub-Zero, Cincinnati, OH, USA) and BioTherm
Heat Exchanger (Medtronic, Minneapolis, MN, USA). An
ultrasonic transit-time sensor ﬂow meter was used to
measure the ﬂow rate (Transonic Systems, Ithaca, NY, USA).
A type-K thermocouple (GIC Thermodynamics, Royal Oak,
MI, USA) was used in the ﬂow loop to monitor the tem-
perature, and a pressure transducer (Model MLT-3018; AD
Instruments, Colorado Springs, CO, USA) were proximal and
distal to the test section to measure pressure. A DAQ Sys-
tem model SC-2345 (National Instruments Inc., Austin, TX,
USA) was used to collect the signals and display them in
LabView (National Instruments).PDMS preparation
PDMS (Sylgard 184, Dow Corning Corp., Midland, MI, USA) a
silicon-based organic pre-polymer (A: base), and cross-linker
(B: curing agent) were mixed at two different mixing ratios:
6:1 and 9:1 (ratio of A:B) to cast the aortic models and
tensile testing specimens in this study. Different mixing
ratios result in polymers of different elasticity. As aortic
walls have different elastic values we wanted to test the
end values of the range for PDMS that would correspond to
the elastic values found in humans.
Parts A and B were mixed at these various mixing ratios
and then placed in a vacuum chamber for up to 2 hours for
degassing to remove air bubbles caused by mixing. The
mixture was slowly poured into the aluminum mold to
minimize air entrapment. The aluminum mold was then
placed in a vacuum chamber for up to 4 hours for additional
degassing. Thereafter, the PDMS was cured at 65 C for 12
hours and then removed from the mold. The aortic models
consisted of a straight tube with a wall thickness of 2 mm,
25.4 mm inside diameter, and an overall length of 300 mm;
this corresponds to the geometry of a descending thoracic
aorta.
The elastic properties of the PDMS polymer were
determined in a tensile testing machine (Instron; Norwood,
MA, USA).9 This allowed us to create a library of PDMS
mixing ratios of known elasticity. The aluminum mold
(Fig. 2) was designed according to American Society for
Testing and Materials standards. The dog-bone shaped
specimens of the PDMS polymer (Fig. 3) were mounted in
the grips of the Instron machine at a speciﬁed gauge length
(25 mm). The displacement and the corresponding force
during the test were recorded automatically using LabView
software (National Instruments). The force and displace-
ment data were used to calculate true stress and true strain
using the assumption that the volume of the specimen was
constant (incompressible material) with a Poisson’s ratio of
0.5. It has been shown that the aneurysmal wall may be
modeled as an incompressible material.10 This means the
Figure 2. Tensile test section mold for dog bones.
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blood pressures and heart rates.
The true stress is deﬁned as the ratio of the instanta-
neous applied force (F) to the current cross-sectional area
of the specimen (A):
s ¼ F
A
(1)
As there is no volume change in the specimen, the true
stress can be related to the engineering stress (ratio of the
instantaneous force to the original cross-sectional area) sE,
and engineering strain (ratio of total deformation to the
initial dimension of the material body in which the forces
are being applied) 3E, as:
A L ¼ Ao  Lo0s ¼ F
A
¼ F
Ao
L
Lo
¼ sEð1þ 3EÞ (2)
where Lo is the initial length, 3E ¼ DL/Lo, DL is the elon-
gation, and sE ¼ F/Ao. The true strain is deﬁned as the sum
of all instantaneous engineering strains. Therefore,
3T ¼
Z
d 3¼
ZLf
Lo
dL
L
¼ ln Lf
Lo
¼ ln Lo þ DL
Lo
¼ lnð1þ 3EÞ (3)
The value of the elastic modulus (a measure of the
stiffness of an elastic material) of the PDMS material wasFigure 3. Polydimethylsiloxane elastomer (dog bone-shaped) used
for tensile testing. Dimensions are according to American Society
for Testing and Materials standards (gauge length LG ¼ 25 mm,
width ¼ 6 mm, thickness ¼ 4 mm).determined from the stressestrain curve for pressures in
the 60e160 mmHg physiological range.
CTA imaging
Imaging of the aortic model inserted in a pulsatile ﬂow loop
was performed using a 64-slice CT scanner (GE LightSpeed
VCT 64-slice Scanner; GE Medical Systems, Milwaukee, WI,
USA), with retrospective ECG-gating. Scans were performed
on aorta models cast from PDMS of different mixing ratios
(6:1 and 9:1) and at pulsatile rates of 40, 50, and 60 beats
per minute (bpm) for each model. For this initial study de-
ionized water, which has a lower viscosity than blood, was
utilized in the ﬂow loop. The effect of ﬂuid viscosity on the
measurements of elasticity is not relevant in this study.
Iopamidol 370 was injected into the ﬂow loop during the
scan to enhance contrast between the aortic model and
the surrounding air, and simulate an intravenous contrast
material-enhanced aortic CTA (Fig. 1B). There was 40 mm
of anatomical coverage per rotation with 64 slices at
0.625 mm thickness, producing a high-resolution three-
dimensional (3D) view. With a width of 0.625 per each
detector row, imaging was isotropic (isotropic voxels) in the
x-, y-, and z-axes. This allows sub-millimeter spatial resolu-
tion. The scan parameters were as follows: 250 mm dedi-
cated ﬁeld of view; pitch for a pulsatile rate of 40 was 0.18,
for a pulsatile rate of 50 was 0.23, and for a pulsatile rate of
60 was 0.26; detector collimation of 64  0.625 mm (with
ECG-gating), and a gantry rotation time of 0.4 seconds. A
standard kernel and partial reconstruction algorithm with
270 degrees of data was used.
The raw data were then reconstructed in a 98-mm ﬁeld
of view with a 512  512 pixel matrix to improve image
resolution. Therefore, the resolution of each image pixel
was 0.188 mm, giving a pixel area of 0.035 mm2. CTA im-
ages were reconstructed to correspond to each 5% of the
ReR interval for phases 0%e95%, and had a section
thickness of 0.625 mm.
Computing the elastic modulus
A discrete wavelet transform (DWT) technique was used to
calculate the temporal variations of the cross-sectional
area of the aortic model and the changes in wall thick-
ness over a simulated cardiac cycle. This technique captures
both frequency and location information, identifying the
location of the pixel where a transition occurs, thus allowing
us to determine the wall thickness and to sum the total
number of pixels in a given geometric area. The Haar
wavelet function was utilized because it is the simplest
wavelet and produces a sequence of “square-shaped”
functions.11 Matlab software was used to run the DWT al-
gorithm. The average geometry from 20 segmental mea-
surements was used to compute the elastic modulus of the
aortic model, as outlined below.
The arterial wall may be characterized by its elasticity, E,
which is the ratio of stress and circumferential strain in
the vessel wall. We used true strainetrue stress relation
to determine the elasticity as outlined in the “PDMS
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Figure 4. Area (black) and pressure (red) waveforms through a
simulated cardiac cycle (mixing ratio 6:1, pulsatile rate 40, 50, and
60 beats per minute [bpm]).
450 M.S. Schlicht et al.preparation” section. The true strain and true stress are
calculated as follows:
3E ¼ DA
Amin
¼ Amax  Amin
Amin
0 3T ¼ lnð1þ 3EÞ (4)
where Amin and Amax are the minimum and maximum
cross-sectional areas at end diastole and peak systole,
respectively.
The true stress is calculated using Lame’s equation:
sE ¼ P r
t
0sT ¼ sEð1þ 3EÞ (5)
where P is the physiological pressure, and r and t are the
inner radius and wall thickness of the model, respectively.
Statistical analysis
Data processing and statistical analysis were performed
using Minitab software. The present investigation consisted
of one pertinent dependent variable (elastic modulus) and
two factors: mixing ratio and pulsatile rate. A paired Stu-
dent t test was performed to evaluate the effect of pulsatile
rate on the elastic modulus for various mixing ratios. Also, it
was used when comparing two measurements; CTA data to
tensile testing machine data at a crosshead speed of
500 mm/min. A type I error (the incorrect rejection of a true
null hypothesis) and a type II error (failure to reject a false
null hypothesis) were determined in this study. Statistically
signiﬁcant difference was taken as p <.01 for all statistical
tests.
RESULTS
The temporal variation of the area in the aortic models and
the corresponding pressure for 40, 50, and 60 bpm of
mixing ratio 6:1 and 9:1 are shown in Figs. 4 and 5,
respectively. Temporal changes in the cross-sectional area
of the aortic model within a simulated cardiac cycle were
applied in equations (4) and (5) to obtain the corresponding
stressestrain curves. The elasticity values were then
determined from the slope of the linear region between 85
and 140 mmHg. Table 1 shows that the elastic value from
tensile testing for the 6:1 mixing ratio was 1.60 MPa and
from the CTA data the values were 1.68, 1.85, and 2.19 MPa
(p ¼ .18) for 40, 50, and 60 bpm, respectively. The elastic
value from tensile testing for the 9:1 mixing ratio was
2.49 MPa and from the CTA data the values were 2.40, 2.49,
and 2.51 MPa (p ¼ .56) for 40, 50, and 60 bpm respectively.
In addition, the type II errors (b) were 0.2 for the 6:1 mixing
ratio and 0.14 for the 9:1 mixing ratio. Table 1 also shows
that the elasticity values were independent of the pulsatile
rate for the 6:1 mixing ratio (p ¼ .12; a difference exists, but
it is not signiﬁcant) and 9:1 mixing ratio (p ¼ .22).
DISCUSSION
Imaging technologies allow us to see andmeasure themotion
of a living and functioning vascular wall in vivo.The motion of
the wall of a functioning aorta is a signal reﬂection of itsmechanical properties. Among vascular imaging technolo-
gies, ultrasound is the one most widely available because of
its relatively low cost. However, two-dimensional ultrasound
images are acquired manually without reference to a ﬁxed
coordinate system, making it impossible to reconstruct a
scanned artery in three dimensions. Magnetic resonance
imaging has also been used to image arterial wall dimensions
and motion. However, its limited availability and high cost
makes it less attractive.12e14
Today, aortic geometry is imaged with CT scanners.
Newer, multi-detector CT scanners (64e320 detector rows)
have much improved spatial and temporal resolution
resulting in a high-resolution 3D view of a patient’s anat-
omy. These high resolution images of a pulsating human
aorta permit us to estimate the elastic modulus of a living
aorta.
Table 1. Comparison of the elastic modulus obtained from
computed tomography angiography data and the tensile testing
of a polydimethylsiloxane material of known elasticity.
Mixing
ratio
Computed tomography experiment Tensile testing
machine
(500 mm/min)
(MPa)
Pulsatile
rate
(bpm)
Calculated
strain rate
(mm/min)
Elastic
modulus
(MPa)
6:1 40 308 1.68 1.60 MPa
50 427 1.85
60 526 2.19
9:1 40 263 2.40 2.49 MPa
50 433 2.49
60 467 2.51
Note. bpm ¼ beats per minute.
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Figure 5. Area (black) and pressure (red) waveforms through a
simulated cardiac cycle (mixing ratio 9:1, pulsatile rate 40, 50, and
60 beats per minute [bpm]).
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distensibility, a physical characteristic of the vessel wall
used for grading vascular disease.15e17 Ganten et al.15
calculated the difference in aortic cross-sectional area dur-
ing a cardiac cycle and developed an image reconstruction
algorithm to determine the change in aortic diameter as a
function of the cardiac cycle. Their algorithm was tested on
porcine aortic specimens and was compared with an optical
reference method (charge-coupled device camera). The er-
ror of the relative vessel area comparing the two methods
was approximately 3%. Zhang et al.16 measured vessel
distensibility using ECG-gated multi-detector CT on a
phantom and compared it with measurements using a
digital camera. They observed that CT distensibilitymeasurements agreed well with the optical measurements.
Ganten et al.,17 using an ECG-gated four detector-row CT
system, determined the distensibility changes in 67 patients
with abdominal aortic aneurysms and in 32 patients with
chronic Stanford type B aortic dissection.18
Different deﬁnitions have been used in the literature to
describe the mechanical properties of arterial walls (i.e.,
distensibility, compliance, elastic modulus, etc.). Owing to
the difﬁculty of accurately determining wall thickness
in vivo, many studies have used distensibility or compliance
that only requires measurement of the diameter change.
Elastic modulus was used in this study owing to its wide
use in computer and bench-top modeling, unlike distensi-
bility and compliance. We utilized a DWT algorithm to
measure wall thickness and lumen area in CTA images of an
aortic PDMS model. A comparison of the elastic modulus
measured in a tensile testing machine and those measured
from the CTA scan was carried out for different mixing ra-
tios of PDMS material. Good comparison was found be-
tween both results (p > .01). As the p-value associated with
the t test is not small (p > .01), then the null hypothesis is
not rejected and one can conclude that the mean is not
different from the hypothesized value. Moreover, our re-
sults showed that the pulsatile rate has an insigniﬁcant
effect on the values of the elastic modulus, as also seen by
Salvucci et al.19
A limitation of this study is the temporal resolution of the
CT post-processing. The images used to determine the
cross-sectional areas are reconstructed at each 5% of the
ReR interval. Therefore, the exact maximum and minimum
areas may not be captured in the 20 phases resulting in a
small percentage of error. In addition, the collection of
our data was manually synchronized with the images from
the scanner. This may be resolved by incorporating the
elasticity algorithm into the CT software, allowing precise
synchronization.
CONCLUSIONS
An aortic model may be scanned with standard CTA aortic
protocols and, from the geometry data imbedded in the
CTA data, the value of the elastic modulus of this model
452 M.S. Schlicht et al.may be derived. We have calculated the elastic parameters
of a functioning aortic model using CTA data, and have
shown the comparison between these data and the direct
measurements of elasticity in a tensile testing machine. Our
results show that the pulsatile rate has an insigniﬁcant ef-
fect on the value of the computed elastic modulus. The use
of this methodology will allow us to calculate the elastic
modulus of a living aorta from the data obtained by ECG-
gated CTA. Knowledge of the wall elasticity value would
enhance clinicians’ ability to predict the likely outcome of
an aneurysm’s progression. This knowledge may also be a
useful predictor of the stability of an endograft landed at a
particular site. We continue to explore the possibility of
measuring changes in arterial dimensions by CTA in patients
with aortic dissections and aortic aneurysms.
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